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[1] There exist numerous global aerosol products derived from various satellite sensors,
but little insight has been gained about their compatibility and quality. This study presents
a comparison of two prominent global aerosol products derived over oceans from the
advanced very high resolution radiometer (AVHRR) under the Global Aerosol
Climatology Project (GACP) (Mishchenko et al., 1999) and the Moderate Resolution
Imaging Spectroradiometer (MODIS) (Tanré et al., 1997). The comparisons are for
monthly mean aerosol optical thickness (AOT) and Ångström exponent (a) at a spatial
resolution of 1 � 1 degree. The two monthly AOT products showed substantial
discrepancies, with a tendency of higher values from MODIS than from GACP/AVHRR,
especially near the coasts of major aerosol outbreak regions. Individual monthly AOT
values have poor correlation, but their regional means are moderately correlated
(correlation coefficient 0.5 < R < 1.0). While cloud screening has often been argued to be
a major factor explaining large discrepancies, this study shows that differences in aerosol
models in the two retrieval algorithms can lead to large discrepancies. Contributions of the
size distribution are more significant than the refractive index. The noisiness of the
GACP/AVHRR aerosol retrievals seem to be partially influenced by radiometric
uncertainties in the AVHRR system, but it is unlikely a major factor to explain the
observed systematic discrepancies between the MODIS and GACP/AVHRR AOTs. For a,
correlations between MODIS and GACP/AVHRR are lower (0.2 < R < 0.7) than AOT.
The MODIS a shows a well-behaved dependence on the AOT contingent upon the aerosol
type, while the GACP/AVHRR a has little correlation with the AOT. The high
sensitivity in the selection of aerosol models to radiometric errors may be a primary reason
for the worse comparison of a. Part of the discrepancies in a is attributed to different
aerosol size distributions.
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1. Introduction

[2] Satellite-based remote sensing plays a vital role in
gaining a good knowledge and understanding of global
aerosol variations and interaction with the Earth’s climate
[Kaufman et al., 2002]. While satellite data have long
been employed for aerosol studies, major challenges still

confront us in almost every step of the retrieval process,
namely, sensor calibration, cloud screening, corrections
for surface reflectivity and variability of aerosol properties
(size distribution, refractive index, etc.) [King et al.,
1999]. Consequently, significant differences exist among
various aerosol products generated from the AVHRR
[Stowe et al., 1997; Higurashi and Nakajima, 1999;
Mishchenko et al., 1999; Ignatov and Stowe, 2002a;
Ignatov et al., 2004], the MODIS [Tanré et al., 1997;
Kaufman et al., 1997; Remer et al., 2005], the Total
Ozone Mapping Spectrometer (TOMS) [Herman et al.,
1997; Torres et al., 1998, 2002], the Polarization and
Directionality of the Earth’s Reflectances (POLDER)
instrument [Goloub et al., 1999; Deuzé et al., 2000],
and the Multiangle Imaging Spectroradiometer (MISR)
[Kahn et al., 1998, 2001], etc. Myhre et al. [2004]
compared a large number of global aerosol products
and revealed the general features of agreement and
discrepancies, but insights into the causes for the discrep-
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ancies were lacking and the state-of-the-art aerosol prod-
uct from the MODIS was excluded from their work.
[3] This study conducts a more detailed comparison of

aerosol products over oceans from two prominent sensors:
MODIS and AVHRR [Tanré et al., 1997; Mishchenko et al.,
1999]. Possessing the longest satellite record, AVHRR data
have been employed in studying long-term variations of
atmospheric aerosols [Mishchenko et al., 2003]. Using
various retrieval algorithms, aerosol optical thickness (AOT)
was inferred from reflectances measured at a single channel
[Rao et al., 1989; Stowe et al., 1997; Ignatov et al., 2004],
and at multiple channels [e.g., Higurashi and Nakajima,
1999; Mishchenko et al., 1999; Ignatov and Stowe, 2002a].
In some algorithms, an additional parameter (often the
Ångström exponent) was also estimated. So far, all global
aerosol products generated from the AVHRR have been
confined to oceans primarily due to difficulties in separat-
ing aerosol signals from those from land surfaces of high
reflectivity [King et al., 1999]. Taking advantage of a
unique relationship between reflectances at longer and
shorter wavelengths available from the MODIS, Kaufman
et al. [1997] proposed a method that extends the retrieval of
the AOT over the majority of land areas except over bright
desert or barren land. Note that a different algorithm was
used to retrieve the AOT over oceans [Tanré et al., 1997].
Validations of the MODIS AOT retrievals against ground-
based Aerosol Robotic Network (AERONET) [Holben et
al., 1998, 2001] observations showed good accuracies over
both oceans and land [Remer et al., 2002; Chu et al., 2002].
[4] In addition to the AOT, the Ångström exponent (a)

[Ångström, 1929, 1964] has been widely used for various
applications by virtue of its relationship to aerosol size. For
instance, a is used for interpolation (or extrapolation) of
aerosol optical thickness (AOT) at a certain wavelength
[e.g., Kinne et al., 2001; Myhre et al., 2004] and is used as a
proxy of particle size when direct measurements of aerosol
particle size (effective, mean or mode radius, etc.) are not
available [Chou et al., 2002; Sakerin and Kabanov, 2002;
Moorthy et al., 2003]. Nakajima et al. [2001] used a to
study the aerosol indirect effect which is defined as the
radiative forcing associated with the modification of cloud
microphysics due to aerosols [Twomey et al., 1984; Coakley
et al., 1987; Charlson et al., 1992]. Note that a depends on
the wavelengths for which it is derived.
[5] Retrievals of AOT and a are affected by aerosol size

distributions and optical properties. Numerous studies
reported diverse optical and physical properties of aerosols
[e.g., O’Neill et al., 2002; Dubovik et al., 2002; Eck et al.,
2003]. The treatment of aerosol size distributions and
optical properties in aerosol retrieval algorithms is generally
poor and varies from one algorithm to another. Inherent
discrepancies are thus incurred between different aerosol
products, which should be well understood and quantified
before attributing the discrepancies to factors that are not
readily verified such as cloud screening. The choice of
aerosol models on retrieved AOT was deemed to be small
(less than 10%) by Geogdzhayev et al. [2002] whose choice
of aerosol models was not as diverse as those employed
in the MODIS retrieval though. Chylek et al. [2003]
found that the uncertainties in aerosol parameters such
as refractive index and aerosol shape have large effects
on the phase function at large scattering angles (greater

than 100 degrees). As satellite aerosol retrievals are typi-
cally performed at such large scattering angles, the impact
of aerosol model choice is expected to be significant.
[6] The objective of this study is to understand and

quantify the uncertainties and discrepancies in the AOT
and the a derived from the MODIS [Tanré et al., 1997] and
the AVHRR [Mishchenko et al., 1999; Geogdzhayev et al.,
2002] with more focus on the possible effects of aerosol
model difference. In a companion paper [Jeong and Li,
2005], other factors affecting the aerosol retrievals were also
investigated. In section 2, the aerosol products used are
briefly described. Section 3 presents the comparisons of the
AOT derived from the MODIS and the AVHRR and
investigations of their discrepancies. Similar studies but
for a and its relation to aerosol effective radius are given
in section 4. The summary and conclusive remarks are
provided in section 5.

2. Data Sets

2.1. GACP//AVHRR Aerosol Product

[7] An AVHRR-based aerosol product generated under the
Global Aerosol Climatology Project (GACP) [Mishchenko
et al., 1999; Geogdzhayev et al., 2002] (updated at http://
gacp.giss.nasa.gov/) is employed in this study (hereinafter
the product will be referred to as GACP/AVHRR or simply
AVHRR product). It contains the monthly mean aerosol
AOT at 0.55 mm and a from July 1983 through September
2001 over oceans. The product resolution is 1 � 1 degree
on an equal-angle grid. It was derived from clear-sky
radiances from AVHRR channel 1 (nominal wavelength,
l = 0.63 mm) and channel 2 (l = 0.85 mm) contained in
the ISCCP DX data set [Rossow and Schiffer, 1999]. Note
that the ISCCP radiance data were obtained following
postlaunch calibration [Brest et al., 1997]. Aerosol par-
ticles are assumed as homogeneous spheres whose optical
properties are determined by the Lorenz-Mie theory. A
modified power law size distribution was adopted with the
aerosol refractive indices fixed as m = 1.5–0.003i. The
shaping factor, which is the parameter that determines the
shape of the modified power law size distribution, has a
unique relationship with a and the effective radius of
aerosols.
[8] There are many sources of errors inhibiting accurate

aerosol retrievals [Mishchenko et al., 1999]. Radiance
calibration is one of the major uncertain factors [e.g.,
Higurashi and Nakajima, 1999; Ignatov and Stowe,
2002b] and can change the AOT by more than 40%
[Geogdzhayev et al., 2002]. Cloud screening could lead to
very larger errors in AOT [Ignatov and Nalli, 2002;Myhre et
al., 2004]. More conservative cloud screening algorithms
were applied by Mishchenko et al. [1999] and Geogdzhayev
et al. [2002], in addition to the ISCCP cloud detection
algorithm [Rossow and Garder, 1993]. The additional cloud
screening aims to eliminate small cumulus clouds and
optically thin cirrus clouds. However, the strict cloud mask-
ing may have an adverse impact of discarding useful aerosol
signals by misclassifying them as clouds [Husar et al., 1997;
Haywood et al., 2001]. For instance, an AOT threshold of 1
is used for the GACP/AVHRR product as a part of cloud
screening, which will discard some cases with heavy aerosol
loading. Other important error sources are the assumptions
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about aerosols. Mishchenko et al. [1999] showed a use of
fixed refractive index introduces systematic regional differ-
ence. Geogdzhayev et al. [2002] argued that the effect on the
retrieved AOT of the choice of aerosol size distribution
function would be less than 10%. Mishchenko et al. [2003]
found that the spherical assumption can cause errors up to a
factor of two for nonspherical particles like mineral dust.
Other possible sources of error include uncertainties in
boundary conditions (i.e., fixed wind speed and water-
leaving radiance) and water vapor absorption at channel 2.
[9] In general, the accuracy of the a is known to be

inversely proportional to the AOT [Ignatov et al., 1998]
and related to the spectral separation between the chan-
nels [Ignatov and Stowe, 2002b]. Yet, the accuracy of the
a is lower than that of the AOT [Ignatov and Stowe,
2000]. Geogdzhayev et al. [2002] estimated that the
retrieval accuracy in the a, when taking into account
the calibration uncertainty, the choice of aerosol size
distribution, and the selection of a fixed wind speed,
was less than 0.4, 0.3 and 0.125, respectively. Use of a
long-term climatology can suppress random-like errors
especially those associated with radiometric noise and
digitization [Ignatov et al., 1998].

2.2. MODIS Aerosol Product

[10] The MODIS aerosol product was generated by
different algorithms, depending on whether the surface
was ocean [Tanré et al., 1997] or land [Kaufman et al.,
1997]. Since the AVHRR aerosol product is retrieved over
oceans only, aerosol products were selected from March
2000 through April 2001 when both AVHRR and MODIS
aerosol products over ocean were available. The MODIS
product is version 4 of the MOD08 data set with a spatial
resolution of 1 � 1 degree. The product includes numerous
parameters such as the AOT, a, the effective radius, the
number of cloud condensation nuclei, the asymmetry factor,
and the backscattering ratio. Employed in this study are
AOT at 0.55 mm and a derived from the channels centered
at 0.55 mm and 0.87 mm.
[11] The retrieval algorithm was originally documented

by Tanré et al. [1997] and updated by Levy et al. [2003] and
Remer et al. [2005]. It utilizes radiances observed at six
bands (nominal wavelengths of 0.55, 0.66, 0.87, 1.24, 1.64,
and 2.13 mm) at a spatial resolution of 500 m under clear-
sky conditions determined by a dedicated cloud-masking
algorithm [Martins et al., 2002]. Aerosol particles are also
assumed to be spherical as in the AVHRR AOT retrieval.
However, the aerosol models employed in the MODIS
algorithm are much more sophisticated than any prior
algorithms. It adopted bimodal lognormal size distribution
functions as suggested by measurements [Whitby, 1978;
Kaufman et al., 1994; Kaufman and Holben, 1996; Dubovik
et al., 2002] with 20 combinations of nine basic modes
including four ‘‘fine’’ and five ‘‘coarse’’ modes. Each mode
has a wavelength-dependent refractive index. Aerosol opti-
cal properties (single scattering albedo and phase function)
were computed and stored as lookup tables (LUTs) for the 9
basic modes at various AOT values (0–2.0), 9 solar zenith
angles, 16 satellite zenith angles, and 16 relative azimuth
angles. Reflected radiances from the two lognormal size
distributions are approximated by the weighted average of
those for each individual distribution [Wang and Gordon,

1994]. A radiance measurement is matched to a weighted
combination of computed radiances corresponding to the
coarse and fine mode aerosols. The aerosol modes and
weighting factors were selected based on the sum of square
differences at six channels. Note that more than one aerosol
model may be selected, depending if the radiance differ-
ences fall within the given margins of tolerance, rather than
the minimum differences (L. Remer, private communica-
tion, 2004). The retrievals are averages of all the qualified
values.
[12] The MODIS products have been validated over

land [Chu et al., 2002] and ocean [Remer et al., 2002;
Levy et al., 2003] against AERONET data following a
standardized procedure introduced by Ichoku et al.
[2002]. Remer et al. [2002] showed AOT errors over
ocean for nondust aerosols fall within the estimated
accuracy of Dt = ±0.03 ± 0.05t [Tanré et al., 1997]
and the retrieved aerosol effective radius also agreed with
that derived from AERONET to within ±0.1 mm. For dust
aerosols, Levy et al. [2003] found similar agreements in
the AOT estimates but with a slight wavelength depen-
dence, underestimation at 0.87 mm and overestimation at
0.47 mm and 0.55 mm. However, they reported a larger
underestimation (20–100%) in the dust particle size,
which was conjectured to stem from the spherical particle
assumption. Chu et al. [2002] showed that the root mean
square of errors (RMSE) of the MODIS AOT varied from
0.07 to 0.11 for inland regions, but increased up to 0.3
for coastal regions due to water color contamination. For
the a, the MODIS values are correlated with AERONET
values at a correlation coefficient of 0.50 for MODIS
AOT greater than 0.20 at 0.66 mm.

3. Aerosol Optical Thickness (AOT)

3.1. Comparison of GACP//AVHRR and MODIS AOT

[13] Figure 1 shows the global distributions of the AOT
from MODIS and AVHRR (upper panels) and their absolute
and relative differences (lower panels). While the gross
patterns of the AOT global distributions are similar to each
other, their magnitudes are rather different, especially over
regions affected by major aerosol regimes (e.g., off the west
coast of Africa, the North Pacific Ocean, the North Atlantic
Ocean, and spotty areas in the midlatitude Southern Hemi-
spheric Oceans). The maps of absolute and relative differ-
ences reveal that the two AOTs agree with each other to
within ±0.2, with relative differences often exceeding 10%
and sometimes reaching 100%. The largest discrepancies in
AOT are found off the west coast of Africa by roughly up to
0.5. It is worth noting that larger discrepancies (>0.3) are
mostly positive (i.e., MODIS AOT > AVHRR AOT) except
for some patchy areas in the Southern Hemispheric Oceans
(30–60�S).
[14] To gain further insight into these discrepancies,

regional means of MODIS and AVHRR AOTs were com-
pared for all the available months over regions influenced
by various aerosol regimes. Figure 2 delineates all the
rectangular regions under study together with the dominant
aerosol types [cf. Jeong and Li, 2005]. The two mean AOTs
are much better correlated, thanks to the averaging which
eliminates/suppresses the random component of the discrep-
ancies. However, there are significant regional differences,
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Figure 1. Monthly distribution of MODIS AOT, AVHRR AOT, their difference (MODIS minus
AVHRR), and relative difference (March 2000).

Figure 2. Aerosol regions over the oceans. Regions are defined as rectangles for which regional
averages of AOT and Ångström exponent are calculated (see Figures 3 and 9). For some regions
containing landmasses, averages were obtained only over water.
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indicated by the slope of the regression line between the two
sets of AOT. The slope is less than 1.0 (underestimation by
AVHRR) for most regions of elevated aerosol loading by
mineral dust, biomass/coal burning, and heavy pollution.
Over the open oceans (EC/WC Pacific regions, SE Pacific,
etc.), the two AOTs match well with each other. The low
correlation found over the Central America and Peru

regions likely results from the varying aerosol influences
as discussed in the work of Jeong and Li [2005].

3.2. Factors Contributing to the AOT Discrepancies

[15] It is very important and challenging to unravel the
physical causes for the systematic discrepancies. While
errors in AOT retrievals are incurred by numerous factors,

Figure 3. Comparison of colocated AVHRR and MODIS AOTs averaged over each region. Each
symbol stands for areal average over the regions defined in Figure 2 for individual months. Black solid
and dotted lines stand for linear fit curve and one-to-one line, respectively. Note that some regions are
named in reference to the nearby continental locations, but they are all over oceans.
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cloud screening was often blamed for any large discrep-
ancies [Myhre et al., 2004]. We agree that cloud screening
contributes significantly to the discrepancies as shown in
Figure 1. Clouds affect the performance of aerosol retrievals
in three ways [e.g., Husar et al., 1997; Haywood et al.,
2001; Jeong and Li, 2005]: (1) through cloud contamina-
tion, (2) misclassification of aerosols as clouds, and (3) bias
in aerosol sampling due to presence of clouds (i.e., no
retrieval for cloudy pixels). The first effect leads to overes-
timation of the AOT, the second to underestimation of the
AOT, and the third to either overestimation or underestima-
tion of the AOT (thus produces random-like errors). It is
more likely that misclassification of aerosols as clouds
underestimates the AOT for instances of high aerosol
loading, while cloud contamination results in AOT overes-
timation under any instance of aerosol loading. One may
thus conjecture that the discrepancies shown in Figure 3 are
caused by misclassification of clouds and aerosols in the
AVHRR product or by cloud contamination in the MODIS
product. Unfortunately, this inference cannot be tested with
the data available for this investigation, which would
require analysis of individual scenes for better discrimina-
tion between cloud and heavy aerosol episodes.
[16] One must also bear in mind that other factors may be

as important as cloud in causing the discrepancies. Use of
different types of aerosol models can be a major source of
discrepancy. The aerosol models are differentiated by aero-
sol particle size distribution and refractive index. The
following model simulations offer insights into the impact
of the aerosol size distribution and refractive indices defin-
ing the different aerosol models used by the MODIS and the
AVHRR retrievals. The AVHRR retrieval algorithm adopts
a modified power law size distribution (hereinafter referred
to as the MP model) and a fixed refractive index. The
MODIS algorithm employs a bimodal lognormal size dis-
tribution (hereinafter referred to as BL models). The two
functions of aerosol size distribution have often been

employed in aerosol retrievals from space [Stowe et al.,
1997; Mishchenko et al., 1999; Higurashi and Nakajima,
1999; Tanré et al., 1997]. They are given as follows:
[17] Modified power law:

n rð Þ ¼
C; r � r1
C � r=r1ð Þ�n; r1 < r � r2
0; r > r2:

;

8<
: ð1Þ

where r1 = 0.1 mm, r2 = 10.0 mm, and the shaping factor, n 2
[2.5, 5.0]. C is a normalization constant chosen to satisfy the
condition that

Z 1

0

n rð Þdr ¼ 1:

[18] Bimodal lognormal:

n rð Þ ¼ dN rð Þ
dr

¼
X2
j¼1

dNj rð Þ
dr

; ð2Þ

dNj rð Þ
dr

¼ Nj

2pð Þ1=2s2:3r
exp �

log r � log rm;j
� �2

2s2

( )
;

where N is the density number, rm is median radius, and
s2 = h(log r � log rm)

2i.
[19] The MODIS BL models are combinations of two

individual lognormal size distributions with one of four
small modes (denoted as S1–S4 in Table 1) and another out
of five large modes (B5–B9). The refractive index for each
model is also listed in the table. In addition to the choice of
20 combinations of small and large modes, the MODIS
aerosol model also varies with a weighting factor between
the small and large modes. In this study, 220 (=20 � 11)
cases are used by changing the weighting factor from 0 to 1
with an interval of 0.1. Likewise, simulations with the MP
model assumed 26 values for the exponent of the size
distribution (i.e., the shaping factor) ranging from 2.5
through 5.0 with an interval of 0.1. Mie calculations were
first conducted to generate the optical properties of each
model aerosol and these were then fed into the SBDART
radiative transfer model [Ricchiazzi et al., 1998] to compute
reflectance at the top of the atmosphere. The computational
burden was lowered considerably by adopting an approxi-
mation proposed by Wang and Gordon [1994] that was also
employed in the MODIS algorithm [Tanré et al., 1997]. The
approximation treats radiance due to multiple scattering
from two lognormal modes as a weighted average of
radiances from each individual mode for the same optical
thickness.
[20] The ocean surface boundary condition was based on

Cox and Munk [1954] with the wind speed set to 7 m/s, as
was employed by both MODIS and AVHRR algorithms
[Geogdzhayev et al., 2002; Levy et al., 2003]. The standard
midlatitude summer atmosphere [McClatchey et al., 1972]
was assumed, together with exponentially decreasing aero-
sol number density with increasing altitude as was provided
by 5S [Tanré et al., 1990]. Note that atmospheric profiles
have little influence on the retrievals [Mishchenko et al.,

Table 1. Aerosol Models Used in the Experiment for Testing the

Impacts of Aerosol Model Selectiona

MP Model Small (Sx) and Large (Bx) Modes for BL Model

n reff, mm ID m (l = 0.47–086)b rg, mm sg reff, mm

2.5 3.63 S1 1.45–0.0035i 0.07 0.40 0.10
3.0 2.01 S2 1.45–0.0035i 0.06 0.60 0.15
3.5 0.86 S3 1.40–0.0020i 0.08 0.60 0.20
4.0 0.37 S4 1.40–0.0020i 0.10 0.60 0.25
4.5 0.21 B5 1.45–0.0035i 0.40 0.60 0.98
5.0 0.15 B6 1.45–0.0035i 0.60 0.60 1.48

B7 1.45–0.0035i 0.80 0.60 1.98
B8 1.53–0.0030i (0.47 mm)

1.53–0.0010i (0.55 mm)
1.53–0.0000i (0.66 mm)
1.53–0.0000i (0.86 mm)

0.60 0.60 1.48

B9 1.53–0.0030i (0.47 mm)
1.53–0.0010i (0.55 mm)
1.53–0.0000i (0.66 mm)
1.53–0.0000i (0.86 mm)

0.50 0.80 2.50

aAs for the MP models, 26 shaping factor (n) values, ranging from 2.5
through 5.0 with an interval of 0.1, were used in this study, but only six
cases are shown in the table. Detailed description for BL models that are
used by the MODIS aerosol retrieval algorithm can be found in the work of
Levy et al. [2003, Tables 1a and 1b].

bHere m denotes refractive indices. Note that refractive indices for MP
models are fixed as m = 1.5–0.003i.

D10S09 JEONG ET AL.: ANALYSES OF AEROSOL DATA

6 of 16

D10S09



1999]. Radiances were simulated for all possible satellite-
Sun geometries with the scattering angle varying from 90 to
180 degrees. To avoid Sun glint, calculations for which
the zenith angle of the reflected light is within a cone of
40 degrees from the direction of specular reflection for a
flat surface were excluded as was done in both MODIS
and AVHRR retrievals [Mishchenko et al., 1999; Tanré et
al., 1997; Levy et al., 2003]. The AOT at 0.55 mm was
allowed to change from 0.01 to 1.0. The AOTs associated
with the MP models were matched with those from the
BL models according to reflectances computed by the
two models at the two nominal AVHRR wavelengths
(0.63 mm and 0.83 mm). The margin of match in reflectance
was set to 1 � 10�4 which is a very high accuracy compared
to the uncertainties in ISCCP channel 1 reflectance data
(±0.01–0.02) [Brest et al., 1997].
[21] The overall comparison of matched AOTs simulated

by the models is shown in Figure 4a. They exhibit very
large discrepancies by up to a factor of two. This suggests
that the selection of a particular aerosol model is an
important factor influencing the retrieval of the AOT.
However, its range of effect is still smaller than that of

the observed differences between the MODIS and the
AVHRR as is shown in Figure 4b. Since the two types of
aerosol models differ in both size distribution and refractive
index, a further attempt is made to separate the impact of the
two factors by setting the refractive index of the BL models
to the same value as the MP models (i.e., m = 1.5–0.003i)
but retaining the original size parameters. They are referred
to as BL0 models. Figure 4c presents the same scatterplot as

Figure 4. (a) Scatterplot of AOT from MP models versus that from BL models. (b) Scatterplot of
observed AOT from MODIS and AVHRR (global; March 2000). (c) The same as Figure 4a but refractive
index for BL models were replaced by a single fixed value (i.e., m = 1.5–0.003i) as used in the MP
models, which are referred to as BL0 models. (d) Analogous to Figures 4a and 4c except for BL0 versus
BL models. Gray solid line is the one-to-one line.

Figure 5. The same as Figure 4a, but scatterplots are
presented separately for the scattering angles, 100–110�,
140–150�, and 170–180�.
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in Figure 4a but compares the AOTs retrieved with the
MP and BL0 models. The scattering is almost as large as
in Figure 4a but shows more systematic differences with
the AOT from the MP model larger than that from the
BL0 model. This implies that the difference in size
distribution functions contributes to the substantial dis-
crepancies between the MODIS and the AVHRR AOTs.
This finding underlines the importance of selecting the
most appropriate aerosol size distribution function in the
retrieval of the AOT. The biased distribution in Figure 4c
and the more symmetric distribution in Figure 4a suggest

that the refractive index has an opposite effect, which is
reinforced by a comparison of the AOTs retrieved from
the BL versus BL0 models (Figure 4d). Since the two
models have the same size distribution but different
refractive indices, the resulting differences reflect the sole
effect of refractive index. The absolute difference is less
than 0.2 for almost all the cases, but increases with
increasing AOT within a difference range of ±0.2t. It
should be noted that our simulation result indicates the
bulk range of potential errors incurred by differences
between the two aerosol models, implying that for fixed

Figure 6. Same as Figure 4a, but the scatter diagrams are plotted according to the exponent (i.e., the
shaping factor) of the MP models.

Figure 7. The same as Figure 6, but with a permitted reflectance error of 10�2.
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radiances, retrieval of AOT is very sensitive to the
selection of aerosol models.
[22] The comparisons shown in Figure 4 suggest that the

aerosol size distribution is one of key factors responsible for
the large random discrepancies in the AOT retrievals from
the MODIS and the AVHRR, while both the size distribu-
tion and refractive index contribute to the systematic differ-
ences. Another hidden factor that is linked to the aerosol
model difference is the scattering angle. Different aerosol
models have different phase functions and the differences in
phase function vary with the scattering angle. Figure 5
shows the comparisons of the AOT retrieved from the BL
and MP models for three ranges of potential scattering
angles: 100–110, 140–150, and 170–180 degrees. There
are large differences of about the same sign and magnitude

as seen in Figure 4a for both low and high angles. Note that
the dominant scattering angle for both the AVHRR and the
MODIS is centered around 140–150 degrees.
[23] In Figure 6, all the data used in Figure 4a were

grouped according to the exponent (i.e., the shaping factor;
n) of the MP model. The discrepancies in AOT between the
MODIS and AVHRR products show a clear dependence on
the shaping factor in the AVHRR algorithm. For example,
for a small shaping factor (e.g., n = 2.5; large particles), the
AVHRR AOT could to be larger than the MODIS AOT by
up to a factor of two. However, for a larger shaping factor
(e.g., n = 5.0; small particles), the two agree well with each
other. Assuming n ranged from 2.5 to 3.0 for sea salt, 3.0 to
3.5 for dust, 4.0 to 4.5 for biomass burning, and 4.5 to 5.0 for
sulfate/pollution [cf. Mishchenko et al., 1999, Figure 7], we
may make some interesting inferences with reference to
Figure 3. First, for the dust regimes such as NW Africa
and Arabia, the AVHRR AOT (i.e., AOT from MP model) is
expected to be higher than the MODIS AOT (AOT from BL
model) according to our simulation, while the observations
show an opposite result. Second, for east Asia and NW
Pacific regions where pollution is known to be dominant, our
simulation suggests the MODIS AOT should be slightly
higher or about the same as the AVHRR AOT. There is a
weak agreement with the observations. Third, for open ocean
regions such as EC Pacific and S Oceans where sea salt is
presumably dominant, the observations reveal good agree-
ments between the two AOTs, contrary to the simulation
result suggesting higher AVHRR AOT than the MODIS
AOT. We may thus infer that the difference in cloud
screening might be a more significant factor than the aerosol
model difference. It is almost certain that the lower AVHRR
AOT values over heavy dust regions result from the ceiling
of the AVHRR AOT product, which most likely exceeds the
effects of aerosol model difference. For east Asia and NW
Pacific, both effects render higher MODIS AOT than the
AVHRR AOT. Good agreements in the open oceans may be
explained by the compensation of the two offsetting effects.
[24] Another important factor is the radiometric uncer-

tainty in AVHRR measurements. To evaluate this effect, we
performed the same simulation but permitting larger reflec-
tance errors of 10�2, which corresponds to the level of the
radiometric uncertainties of ISCCP data [Brest et al., 1997].
The results are presented in Figure 7. For each shaping
factor group, the ranges of discrepancies are larger than
those found in Figure 6, as one would expect. However, the
overall ranges of the AOT discrepancies remain virtually the
same, if the points from all the panels were put together. We
may, therefore, conclude that the radiometric uncertainties
in the AVHRR affect more significantly the selection of
aerosol models (i.e., size or a) than the retrieval of AOT. It
is thus unlikely to explain the systematic differences be-
tween the MODIS and GACP/AVHRR AOTs, unless there
were biases due to radiometric calibration that are much
larger than those reported by Brest et al. [1997].

4. Ångström Exponent (A)

4.1. Evaluation and Comparison of GACP//AVHRR
and MODIS A

[25] The global distributions of the Ångström exponent
(a) derived from MODIS and AVHRR shows more

Figure 8. Monthly distributions (March 2000) of (top)
MODIS and (middle) AVHRR Ångström exponent and
(bottom) their difference (MODIS minus AVHRR).
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substantially different features than those of the AOT
(Figure 8). First, individual monthly a from AVHRR
(aAVHRR) is much more noisier than that from MODIS
(aMODIS). The aMODIS is large near the coasts, and
decreases toward the ocean interior. This trend of varia-
tion is far less clear for aAVHRR due to its noisy
distribution pattern. In a similar manner for the regional
characteristics, aMODIS is smaller (0.4–0.6) in NW Africa
and larger (1.2) in SW Africa. For aAVHRR, the general

trend is somewhat similar but much less obvious. As
such, the difference (DaMA = aMODIS � aAVHRR) map
(bottom panel in Figure 8) shows structured patterns:
large positive DaMA along the coastlines and regions
dominated by smaller particles (e.g., NW Pacific, and C
America), large negative DaMA over the open oceans
where the AOT is small (<0.2), and small jDaMAj over
NW/WC Africa, where the AOT is large. A large
uncertainty exists in the estimates of a for small AOT

Figure 9. Comparison of colocated AVHRR and MODIS Ångström exponent averaged over each
region. Dotted lines stand for the one-to-one line.
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(<0.2) [Ignatov et al., 1998; Higurashi and Nakajima,
1999], which may explain the large discrepancies found
over open oceans.
[26] After averaging over a long period (about 13 years),

the distribution of aAVHRR [cf. Jeong and Li, 2005, Figure 1]
are much more similar to aMODIS, but the magnitudes and
dynamic ranges of the two still differ significantly. Like-
wise, the regional averages of aAVHRR are better correlated
with those of aMODIS, although the correlation coefficients
are not high, as is shown in Figure 9 for the 17 regions
defined in Figure 2. This is in contrast to the generally high
correlations between AOTs derived from MODIS and

AVHRR over the same regions as is shown in Figure 3.
In general, aAVHRR shows a considerably narrower dynamic
range of variation than that of aMODIS. Regions of low
correlation in a correspond to low AOT.
[27] The quality of the satellite-based estimates of a can

be evaluated by plotting it as a function of the AOT for the
four aerosol regions. As is shown by Eck et al. [1999] using
AERONET measurements, this kind of plot shows unique
relationships for different types of aerosols. For instance, for
biomass burning aerosols, a should increase with AOT. As
the AOT increases, the proportion of smoke aerosols grows
larger. Since smoke aerosol particle size is small, it leads to

Figure 10. Scatterplots of Ångström exponent versus AOT. Left panels are based on MODIS data,
while the right panels are from AVHRR data for the same period (July 2000). Gray lines provided in the
WC Africa region for MODIS indicate possible signals from dusts coexisting with biomass burning
aerosols in this region.
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larger a. The expected positive correlation between the
AOT and a, or negative correlation between the AOT and
the particle size, is clearly seen in Figure 10 over the west
central and South African regions. Similar results were
obtained by Reid et al. [1999] from in situ airborne
measurements during the Smoke/Sulfates, Clouds and
Radiation-Brazil campaign [Kaufman et al., 1998]. By the
same token, one would expect to see a good correlation, but
of opposite sign, between a and the AOT for dust aerosols
since dust particles are larger in size than the background
aerosols. Such a trend is not observed over the ocean off
NW Africa and the Arabian Sea, where dust plays a
dominant role; a tends to be constant around 0.4–0.6,
although the data points are tightly clustered together. This
may be explained by the fact that given the distance of these
bodies of water from the source of dust generation, the
gigantic dust particles lifted by strong dust storms have time
to wash out of the atmosphere due to gravitational settling.
As a result, the size of transported dusts is rather constant so
that a is invariant with the AOT. This invariance in dust
particle size has been reported by Maring et al. [2003] in
their aircraft measurements of dust particles over the Canary
Islands and Puerto Rico. It is interesting to note that the
signals of biomass burning, dust and their mixture from
MODIS data coexist over the WC African region. In
contrast, similar plots for AVHRR-retrieved AOT and a
are all widely scattered without showing any of the above
features.
[28] The large uncertainties in the estimates of aAVHRR

warrants much caution when using it to address climate
issues such as aerosol indirect effects. It is our belief that the
monthly values of aAVHRR contain so much uncertainty that
it is of limited utility for climate studies, while the long-term
and/or regional means contain certain useful information.
The uncertainty may originate from calibration errors at the
two channels of AVHRR and/or errors related to the

retrieval algorithm. As pointed out in other studies [Ignatov
et al., 1998; Higurashi and Nakajima, 1999], a is very
sensitive to errors in the spectral AOTs, especially for small
AOT values. Relative to aMODIS, aAVHRR is noisy even for
higher AOT (>0.4). In the following discussions, we inves-
tigate the impact of various factors on estimates of a,
especially the aerosol size distribution, optical properties,
and selection of wavelength pairs from which a is derived.

4.2. Factors Influencing A and its Discrepancies
Between MODIS and GACP//AVHRR

[29] To investigate the impact of aerosol model differ-
ences between MODIS and AVHRR aerosol retrieval algo-
rithms, a is calculated based on the BL and MP models,
respectively, following the work described in section 3.2.
Differences in the pair of channels used to derive a are
taken into account so that a from the MP models (aMP) is
derived from the AOTs at 0.63 mm and 0.83 mm while a
from the BL models (aBL) is derived from the AOTs at
0.55 mm and 0.87 mm. A comparison of aBL as a function
of aMP is plotted in Figure 11. The discrepancies between
aMP and aBL are fairly large (0.5), almost comparable to
the observed differences, suggesting that the impact of the
aerosol model differences could potentially explain a good
portion of the observed discrepancies in magnitude but not
necessarily in its spatial distribution pattern.
[30] Since the observed discrepancies stem partially from

the use of different wavelength pairs, the effect of wave-
length selection is studied first. Typically, a is computed by

a ¼ � ln tal1=t
a
l2

� �
= ln l1=l2ð Þ; ð3Þ

or more generally,

a ¼ � d lnCext;l

d lnl
; ð4Þ

where Cext,l is the spectral extinction cross section. The a
can be computed from the AOT (tl

a) measured at two
wavelengths or by means of regression of the AOTs
measured at several wavelengths. The wavelengths chosen
do not include the absorption bands due to ozone, water
vapor and other absorbing gases. Also, whether the selected
wavelengths can resolve the particle size of interest is taken
into consideration. Measurements at different spectral
regions have been employed including the visible (0.4–
0.7 mm), near-infrared (around 0.87 mm, excluding water
vapor absorption bands), and/or UV-A (0.34–0.38 mm)
[Iqbal, 1983; Holben et al., 1998; Kinne et al., 2001]. Here,
four pairs of wavelengths are considered: 0.66–0.87 mm,
0.55–0.87 mm, 0.47–0.66 mm, and 0.47–0.55 mm, which
comprise the nominal wavelengths of the MODIS and
AVHRR channels. The following pairs are actually used to
derive a: 0.55–0.87 mm for MODIS ocean, 0.47–0.66 mm
for MODIS land, and 0.66–0.87 mm for AVHRR. In
addition, a is also derived from regression of the AOTs at
all four wavelengths (i.e., 0.47, 0.55, 0.66, and 0.87 mm).
Since a derived from the MP model is not sensitive to the
selection of wavelength, the study is limited to BL models.
[31] Figure 12 shows the comparisons of the Ångström

exponents computed from the four wavelength pairs. The
Ångström exponents simulated for the MODIS ocean algo-

Figure 11. Same as Figure 4a except for Ångström
exponent.
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rithm is plotted as X axis, and the remainders are shown in Y
axis, one of which is for AVHRR simulation. It is seen that
the discrepancies resulting solely from the wavelength
differences between MODIS and AVHRR are rather insig-
nificant (<0.1). However, possible errors in spectral radi-
ance measurements and an inconsistent estimation of the
spectral AOT can cause much larger differences, especially
when the signs of the errors for different wavelengths are
opposite to each other [Ignatov et al., 1998; Ignatov and
Stowe, 2000]. The best accuracy in current satellite-based
AOT estimations is expected to be ±0.05t ±0.03 (for
MODIS; Remer et al. [2002]). As shown in Figure 12, such
AOT errors can cause very large errors in a (up to ±0.5). In
this sense, a regression solution of a using several wave-
lengths, if available, is an effective means of suppressing
this kind of error. As is also shown in the Figure 12, a from
the regression is less vulnerable to errors in individual
channels.
[32] A major utility of the Ångström exponent is to

infer basic information about aerosol particle size [Holben
et al., 1991; O’Neill and Royer, 1993; Nakajima and

Higurashi, 1998; Eck et al., 1999]. While qualitative
information pertaining to aerosol particle size may be
readily gained from a, quantitative estimation of the
aerosol effective radius (reff) from a would be much
more cumbersome due in part to the strong dependence
of the relationship between reff and a on the selection of
aerosol size distribution, as is shown in Figure 13. The
relationships were obtained for various BL and MP
models with fixed complex refractive index (m = 1.5–
0.003i). The BL models are from 20 different combina-
tions of small and large modes, and one MP model with
varying shaping factor. a is calculated for the wavelength
pair of 0.55–0.87 mm. It is seen that corresponding to a
fixed value of a is a wide range of reff that depends on
the aerosol size distribution. The family of BL curves
differs considerably among themselves, and even more
from the MP curve, especially for low values of a (say,
a < 0.5). This implies that for large particles a can be
related to drastically different values of reff simply by
assuming different size distribution models, posing a
major difficulty in obtaining aerosol particle size.

Figure 12. Influence of wavelength selection on Ångström exponent for three different BL models
(S2/B8, S1/B5, and S4/B9). Ångström exponent was calculated for several combinations of two
wavelengths from equation (3). Regression solution is calculated via linear regression for the four
wavelengths (0.47, 0.55, 0.66, and 0.87 mm) in log t �log l space. Thick gray solid lines represent
marginal errors of Ångström exponent due to spectral AOT errors of ±0.05t ±0.03 for the wavelength
pair of 0.55 and 0.87 mm, while the gray dotted lines are those for regression solution from AOTs at
the four wavelengths. Thin solid line is the one-to-one line.
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[33] In addition to aerosol size distributions, aerosol
absorption is another major factor influencing the retrieval
of the AOT. Since the two types of aerosol models
employed in MODIS and AVHRR retrievals differ in
refractive index as well as in the size distribution, the
resulting differences in single-scattering albedo (SSA) also
contribute to discrepancies in AOT retrievals. Figure 14
shows a comparison of the SSA computed from the two
aerosol models that generate the same reflectances. The
SSA from the MP model is dependent only on aerosol size
(shaping factor or a) when the refractive index is fixed so
that significant errors are expected for large nonabsorbing
(at visible and near-infrared) aerosols (e.g., dust), and for
small absorbing aerosols (e.g., smoke) [Mishchenko et al.,
2003]. The contradicting finding that the AVHRR AOT is
significantly lower than that from MODIS for the Saharan
region implies that the AOT for dust is severely under-
estimated by the AVHRR [Haywood et al., 2001]. This is
most likely caused by misclassification of aerosol scenes as
clouds. While, in general, good AOT retrieval accuracies
were reported for nondust aerosols retrieved from MODIS
[Remer et al., 2002], the AOT underestimation for some
smoke events was attributed to slightly higher SSA for
smoke assumed in MODIS algorithm [Ichoku et al., 2003].

5. Summary and Conclusion

[34] In light of large discrepancies among various satel-
lite-based global aerosol products, two prominent monthly
global aerosol products retrieved from GACP/AVHRR
[Mishchenko et al., 1999] and MODIS [Tanré et al.,
1997] measurements are compared and factors leading to
their discrepancies are explored. Comparisons of the
monthly aerosol optical thickness (AOT) at 1 � 1 degree
resolution showed substantial scattering and moderate

systematic differences. However, their regional means (also
long-term means) are much better correlated with the
general tendency that the AVHRR values are smaller than
the MODIS values, especially for heavy aerosol loadings.
Difference in the cloud screening is likely a factor [Myhre et
al., 2004], but other factors can also come into play, for
example, use of different aerosol models differentiated in
size distribution function and refractive index.
[35] The MODIS retrieval algorithm employs 20 combi-

nations of aerosol size distributions given by bi–log normal
(BL) functions with variable refractive index. The GACP/
AVHRR algorithm used a modified power (MP) law size
distribution with a fixed refractive index. Extensive model
simulations were conducted to investigate the impact of the
differences in the size distribution function and the refrac-
tive index on the AOT discrepancies. It is found that the
difference in the size distribution function can bring about
substantial AOT discrepancies of up to a factor of 2, while
different refractive indices cause a moderate systematic
difference. The discrepancies depend on the similarity in
aerosol size modes selected by the two algorithms. More
drastic underestimations of AOT by the GACP/AVHRR
relative to the MODIS is more likely induced by the
differences in cloud screening including misclassification
of heavy aerosols as clouds in the GACP/AVHRR product.
Thus more attention should be paid to aerosol size distri-
butions in addition to refractive index and cloud screening.
The noisiness of the GACP/AVHRR aerosol retrievals is
partially affected by the radiometric uncertainty of the
AVHRR radiances, but it is unlikely to explain the large
systematic discrepancies between the MODIS and GACP/
AVHRR AOTs.
[36] Larger discrepancies exist in the Ångström exponent

(a) derived from the MODIS and the GACP/AVHRR. The
GACP/AVHRR retrievals seem to suffer from random-like
errors with low signal-to-noise ratio. In comparison, the
MODIS a product is of better quality in terms of spatial

Figure 13. Ångström exponent versus effective radius for
modified power size distributions (thick gray line) and for
various combinations of bimodal size distributions (thin
lines with various types). Each line stands for different
combinations of small and large modes that compose
bimodal lognormal size distributions.

Figure 14. Same as Figure 4a except for single scattering
albedo (SSA).
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variation and its correlation with the AOT. We attempted to
understand the discrepancies between a derived from the
MODIS and the AVHRR by modeling the effects of aerosol
size distribution function, wavelength selection, and refrac-
tive indices on a retrieval. While errors in the a retrieval
originate from numerous sources (e.g., selection of different
wavelength pairs can cause a difference in a of up to 0.5),
our model simulations also point to a big contribution by
different aerosol models used in the AVHRR and MODIS
retrieval algorithms. The influence of aerosol size distribu-
tion on the estimation of aerosol effective radius from a is
also evaluated. For a given a, the corresponding aerosol
effective radii may differ by more than 1 mm among the
various size distribution functions.
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